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ABSTRACT

Background: Upon engagement of the T cell receptor
for antigen, its associated CD3 proteins recruit signal
transduction molecules, which in turn regulate T lym-
phocyte proliferation, apoptosis, and thymocyte devel-
opment. Because some signal transducing molecules re-
cruited by CD3-s, i.e., p56lck and p59'yT, are oncogenic
and since we previously found that overexpression of
CD3-s transgenes causes a block in T lymphocyte and
NK cell development, we tested the hypothesis that ab-
errant CD3-s signaling leads both to abnormal T lym-
phocyte death and lymphomagenesis.
Materials and Methods: Ten independently derived
transgenic mouse lines were generated with four differ-
ent genomic CD3-s constructs. Mice either homozygous
or hemizygous for each transgene were analyzed for an
arrest in T lymphocyte development and for the occur-
rence of T cell lymphomas.
Results: Aggressive clonal T cell lymphomas developed

at very high frequencies in seven mouse lines with in-
termediate levels of copies of CD3-s derived transgenes.
However, these lymphomas were not found when high
copy numbers of CD3-s transgenes caused a complete
block in early thymic development or when a transgene
was used in which the exons coding for the CD3-s pro-
tein were deleted. Analyses of a series of double mutant
mice, tgCD3-s X RAG-2null, indicated that lym-
phomagenesis was initiated in lineage-committed pro-
thymocytes, i.e., before rearrangement of the T cell re-
ceptor genes. In addition, the transgene coding for the
CD3-E cytoplasmic domain and its transmembrane re-
gion induced a T cell differentiation signal in premalig-
nant tgCD3-s X RAG-2null mice.
Conclusion: The nonenzymatic CD3-s protein acted as
a potent oncogene when overexpressed early in T lym-
phocyte development. Lymphomagenesis was depen-
dent on signal transduction events initiated by the cyto-
plasmic domain of CD3-&.

INTRODUCTION
Tumorigenesis involves perturbation of multiple
signal transduction cascades resulting in a pro-

found disturbance of normal control of cell cy-

cling, cell growth, and/or cell death (1-3).
Whereas mutated oncogenes and tumor suppres-
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sor genes play a pivotal role in these processes
(4-9), adapters of signal transduction pathways
can also be tumorigenic (10-15). To investigate
whether a surface receptor-associated protein
that functions primarily by recruiting signal
transduction molecules could also be tumori-
genic, we analyzed large numbers of indepen-
dently derived CD3-s transgenic mice for spon-
taneous development of T cell tumors. CD3-s is a
T cell receptor (TCR)-associated membrane pro-
tein that plays a role in TCR/CD3 complex as-
sembly and signal transduction (16-20). Upon
engagement of the T cell receptor with antigen,
CD3-s directed signal transduction pathways are
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initiated that regulate T cell proliferation, apo-

ptosis, and thymocyte development (21-25). Be-
cause some signal transducing molecules re-

cruited by CD3-s, i.e., p56lCk and p591fy, are

oncogenic (26,27), a disturbance of CD3-s sig-
naling could potentially lead to abnormal T lym-
phocyte death and lymphomagenesis.

As previously reported in a number of inde-
pendently derived homozygous CD3-s trans-
genic mice (i.e., tgs26+1+), a very early block in
thymocyte and natural killer (NK) cell develop-
ment is observed. This block in development is
caused by overexpression of the CD3-s proteins
derived from the transgenes that are regulated by
their own cis-regulatory elements (28,29). Here
we demonstrate that in hemizygous transgenic
mouse lines, overexpression of CD3-E resulted in
an extremely high incidence of very aggressive T
cell lymphomas. The lymphomas were observed
in seven mouse lines carrying relatively high
copy numbers of transgenes encoding CD3-s-
derived proteins with the capacity to recruit sig-
nal transduction pathways. However, lympho-
mas were not observed in transgenic lines in
which CD3-s expression was low or absent.
These data indicate that a small nonenzymatic
protein with a 55 amino acid cytoplasmic tail is
an oncogene that can induce lymphomas in T
lymphocyte precursors.

MATERIALS AND METHODS
Mice

Generation and screening of transgenic mice car-

rying all DNA constructs were carried out as

described previously (28,29). For reasons of sim-
plicity, we renamed the constructs in this report:
pL12 as s, pL12A1 as sAl, pL12A2 as sA2, and
pL16 as sm (see ref. 28,29). RAG-2null mice were

obtained from GenPharm International (Palo
Alto, CA). Icknull mice were kindly provided by
Dr. T.W. Mak. Double mutant RAG-2null X

tgs26, RAG-2null x tgs-Al, and Icknull (ref. 30) x
tgs26 mice were obtained by breeding. The mice
were housed in virus antibody-free (V.A.F.) con-

ditions at the Animal Research Facility of Beth
Israel Deaconess Medical Center.

Detection of Thymic Lymphomas

The frequency of lymphomas is a summary of
mice with thymomas when sacrificed at 8
months of age and mice that died of lymphomas

during that 8-month period, divided by the total
number of mice monitored (40 or more unless
otherwise stated). The frequency is an underes-
timation because the thymomas were scored by
visual inspection of the thymuses and not by
pathologic examination.

Flow Cytometry

Flow cytometric analysis of thymocytes and tu-
mor cells for surface antigen expression was per-
formed by three-color analysis as described pre-
viously (29).

Antibody Treatment of RAG-2nuil mice
Antibody treatment of RAG-2null mice was per-
formed as described previously (31). Briefly,
young RAG-2null mice (8 to 20 days after birth)
were injected i.p. with 10 jig of anti-CD3s mAb
per gram body weight, and sacrificed for analysis
4 weeks later.

Histology
Tissues were frozen at -20°C and mounted for
cryostat sectioning. Sections 5 ,um thick were
fixed in 4% paraformaldehyde, phosphate-buff-
ered saline (PBS) (pH 7.4). The sections were
stained with hematoxylin and eosin, or used for
immunohistochemistry as described below. The
sections were blocked with 2% normal rat se-
rum, PBS (pH 7.4) for 20 min, stained with bio-
tinylated primary antibodies for 1 hr, followed by
ABC reagent (Vector Labs, Burlington, CA) for
45 min. The sections were counterstained with
hematoxylin, dehydrated, and mounted. Biotin-
ylated rat anti-mouse Thy- 1.2 antibody was pur-
chased from PharMingen (San Diego, CA).

RESULTS
High Incidence of T cell Lymphomas in
Hemizygous tgE26 mice

When 40 homozygous and hemizygous tgs26
mice were monitored over a period of 1 year,
almost all hemizygous tgs26+'- mice died of T
cell lymphomas during that time period. The ear-
liest tumor-induced death occurred at 3 months
of age and the lymphomas resulted in 85% mor-
tality by 8 months in these animals (Fig. 1,
Table 1). In contrast, no tumors were detectable
in homozygous tgs26+1+ mice (Fig. 1), which is
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FIG. 1. Survival curve for tge26+/' and
tge26+1- mice.
Forty tgs26"'+ and 40 tgs26+'- mice were moni-
tored for lymphoma-induced death. The data illus-
trate the high incidence of T cell lymphomas in
tgs26+'- mice.

consistent with the fact that tgs26"+/ mice did
not develop any T lymphocytes. The lymphomas
observed in tgs26+'- mice were always found
first in the thymus, with the enlargement of one
lobe visible from 8 weeks of age and older. In the
later stages of the disease, the enlarged thymuses
were up to 20 times their respective normal sizes,
and enlarged spleens and lymph nodes were also

frequently observed (Fig. 2A). Histological stud-
ies of these animals revealed metastases of the
lymphomas in the trachea, lungs, liver, kidney,
testis, and brain (Fig. 2B, and data not shown).

Flow cytometric analyses revealed that the
thymic lymphomas were of T cell origin repre-

senting different stages of thymocyte develop-
ment, the majority being CD4+8+ (Table 2).
Southern blotting with a TCR-C,9 probe indicated
that the tumors were generally clonal, as 28 of 39
tumors (72%) had one or two rearranged TCR-f3
bands (data not shown, see Discussion). Upon
transfer of these tumor cells into immunodefi-
cient animals, i.e., nude, RAG-2null, and ho-
mozygous tgs26 mice, or in syngeneic wild-type
mice, death occurred within 3 to 4 weeks. Stable
cell lines could be derived from approximately 1/3
of the tumors by in vitro tissue culture of the
tumor cells without added growth factors. Gen-
erally, these cell lines resembled their parental
tumors phenotypically (data not shown). To-
gether, these observations support the notion
that CD3-s transgenes were involved in the gen-

eration of T lymphomas that were initiated early
in T lymphocyte development.

TABLE 1. Frequency of T cell lymphomas in CD3-e transgenic mice

% of Mice with
Thymocyte Tumors after
(% of wt)b 8 monthsc

Transgenic Copy No. of
Construct Mouse Line Transgenea +/+ +l- +I+ +l-

e 26 30-35 1 11 0 82

SAL 2978 40-45 2 16 0 62

2966H 20-25 13 42 50 15

2966L 3-5 wt wt 0 0

sA2 2982 40-45 wt wt 0 0

2994H 20-25 wt wt 0 0

gm 2270 20-25 5 37 0 52
2285 20-25 13 42 n.d. 29
2273 15-20 26 74 n.d. 25
2279 10-15 41 wt 20 0

Mice that were hemizygous for the same transgenes were only partially T cell deficient even though the homozygous counter-
parts had a complete developmental block. n.d., not determined; wt: wild type.
aCopy number refers to the copy number of transgenes in a hemizygous mouse (28).
bTotal number of thymocytes as % of those in wild-type litter mates (28).
cThe frequency was obtained as described in the Methods.
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A FIG. 2. Visual and histological examination of
lymphomas in tgE26'- mice.

144 (A) Comparison of the thymus, lymph nodes, and
spleen from a tgs26'- mouse at a late stage of lym-
n)horn with the cointeernart organ-, from a wild-tvne
mouse. (B) Immunohistology of tumor metastasis to
nonlymphoid organs. Thy-I stained tissue sections
from (a) trachea (25X), (b) liver (160X), and (c)
kidney (160X) of a hemizygous tgs26 mouse in a
late stage of the disease.

T cell Lymphomas Are Caused by
Transgenic CD3-E Protein

To exclude the possibility that the T cell lympho-
mas in tge26+'- mice were induced by an inser-
tional mutation of the transgene, nine additional
CD3-E transgenic mouse lines (hemizygous and
homozygous) were monitored for eight months
(Table 1). These mice were generated with three
different CD3-e genomic constructs: transgenes
,-Ml and ELA2 representing the human CD3-e-
gene with two different deletions, and transgene
£. renresenting a chimeric human-murine
CD3-s gene, coding for the murine CD3-e pro-
tein (28,29). During a period of 8 months, high
frequencies of T cell lymphomas were found in
six of the nine lines. Timing of onset and pheno-
types of these T lymphomas were similar to those
in tge26+'- (Tables 1 and 2). Thus, a position
effect of the CD3-e transgene in tumorigenesis
was ruled out. Moreover, these data indicated
that either the human or murine CD3-e protein
could be oncogenic.

All seven lymphoma-prone transgenic lines
had two important features in common: they
carried relatively high copy numbers of different
transgenes (>20X), and they were partially, but
not completely, T cell deficient (Table 1). The
frequency of tumors observed in several groups
of hemizygous transgenic mice (e.g., tgELI1 or
tgsm) increased with an increase in the number
of transgene copies in those lines (Table 1). Im-
portantly, in the same group of mice, the level of
CD3-E protein expression in thymocytes also in-
creased approximately with the increase in the
number of the transgene copies (29). We con-
clude, therefore, that this transgene-induced
lymphomagenesis was dependent upon overex-
pression of the CD3-e protein. This notion was
strongly supported by the absence of tumors in
animals with a wild-type phenotype owing to
low transgene copy numbers (e.g., tgeA I -2966L)
and in animals with high numbers of copies of
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TABLE 2. Frequency of major T cell
lymphoma phenotypes in transgenic mice

% of Tumors with Phenotype

Strain TN CD3-SP DP CD3+SP

26 7.1 17.9 64.3 10.7

2978 14.3 0 85.7 0

2966H 0 0 83.3 16.7
3021 0 14.3 57.1 28.6
Total 7.8 13.7 64.7 13.7

Phenotypes were determined by flow cytometric analyses
of the thymomal cells. In case cells from one tumor had
more than one phenotype, the phenotype representing the
majority of the tumor cells was chosen as the phenotype of
the tumor. This table summarizes the data from flow cyto-
metric analyses of 70 tumors. TN: CD3-CD4-CD8-; SP:
CD4+CD8- or CD4-CD8+; DP: CD4+CD8+. Flow cytomet-
ric analyses also indicated that all tumors (except one)
were Thy-l+CD24+, 65% were CD44+, 30% were CD25+,
and 90% were CD5+.

transgene sA2 which did not contain the major-
ity of CD3-s coding sequences (Table 1).

Whereas no tumors were found in homozy-
gous mice with a complete block in T cell devel-
opment, e.g., tgs26+'+ and tgsAI-2978+'+, T cell
tumors were found in homozygous mice with
partial T cell development (Table 1). For exam-

ple, the thymic cellularity of the homozygous
tgsAl-2966H mice was on average 13% of that

I

#87 thy. #87 I.n.

in wild-type litter mates, and 50% of these
tgsAl -2966H+'+ mice developed T lymphomas
in 8 months (Table 1). The frequency of tumors
in the homozygous tgsA 1 -2966H mice was even

higher than that of the hemizygous mice of the
same strain (50% versus 15%; see Table 1).
Since the levels of transgene expression in ho-
mozygous mice were higher than those in hem-
izygous mice (29, and data not shown), this ob-
servation also supported the notion that
overexpression of CD3-s was involved in tumor-
igenesis.

As shown in Table 1, high frequencies of
lymphomas were observed in tgsA1-2978+1-
and 2966H mice. In the sAl construct, the region
encoding the ectodomain of CD3-s was deleted
from the original human genomic fragment, re-

sulting in a truncated CD3-s polypeptide that
consisted of the 55 amino acid cytoplasmic do-
main and its membrane-anchor. This result sug-

gests that the oncogenic signal could be initiated
by this small nonenzymatic polypeptide.

CD3-E-induced Tumorigenesis Occurs in
Lineage-committed Prothymocytes

CD3-s-induced tumor cells isolated from the
thymus often represented T lymphocytes that
were more immature than tumor cells derived
from the spleen or lymph nodes of the same mice
(Fig. 3, and data not shown). This finding, to-
gether with the observation that lymphomas
were always first detected in the thymuses of
tumor-bearing animals, indicate that cell trans-

#633 thy. #633 I.n. #540 thy.

CD8

FIG. 3. Two-color fluorescent profiles of lymphocytes isolated from thymuses and lymph nodes of 5
tge26+1- mice.
These data show the differentiation of lymphocytes after cell transformation.
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TABLE 3. Expression of CD3-c-derived transgenes induces transition from DN to DP thymocytes in
young RAG-2null and icknull mice and lymphomagenesis in older mice

Thymus at 6-8 weeks

% of Thymocytesb
Total no. of % of Mice with
thymocytesa Thy-I+ Thy-I+ Lymphomas at

Genotype x 10-6 CD4-8 CD4+8+ 4-8 monthsc

RAG-2null 5.6 100 0 0 (0/20)
RAG-2nullXtg26+/+d 0.3 5 ± 3 0 0 (0/20)

RAG-2nullXtg26+'- 1.4 45 ± 26 55 ± 26 50 (18/36)

RAG-2nullXtgAi+/+e 3.6 19 ± 14 81 ± 14 n.d.
RAG-2nullXtgAl+/- 9.4 5 ± 5 95 ± 5 25 (2/8)
lcknull 13.4 34 ± 16 66 ± 16 0 (0/10)

lcknullXtg26+/- 1.4 11 ± 10 82 ± 10 67 (6/9)
lcknullXtg26+/+d 0.8 5 ± 3 0 0 (0/4)

aTotal number of thymocytes is the average of numbers from 4 to 10 mice.
bPhenotype of the thymocytes was determined by three-color flow cytometry. The conversion from DN to DP was probably going
through a CD8 SP stage, as 5 to 35% of thymocytes were CD4lOCD8+ cells in approximately 30% of the mice. For simplicity,
these cells were categorized as DP cells in this table.
cThe frequency was determined as described in Materials and Methods. The number of mice that died of lymphomas and the
total number of mice monitored are indicated in parentheses. n.d., not determined.
dIn RAGnUllXtg26++ and icknull Xtg26+'+ mice, the majority of thymocytes were Thy-l- B cells (29).
'tgAl = tgs-A1-2966H.

formation occurred in thymocytes. Since our
previous experiments demonstrated that overex-
pression of the CD3-s-derived transgenes began
at or prior to Day 13 of gestation (29), i.e., in
prothymocytes, we examined whether the lym-
phomas were initiated in prothymocytes. To this
end, two of the CD3-s transgenic lines were bred
with RAG-2nu`l mice that have a block in T cell
development at the CD44 CD25+CD4 CD8
control point (32). Indeed, as shown in Table 3,
T cell lymphomas were frequently found in
RAG-2null X tgs26+'- and RAG-2null X tgSAI-
2966H+'- mice, but not in mice that were RAG-
2null x tgs26+1+ or RAG-2null without the trans-
gene. These results indicate that the CD3-s-
induced tumorigenesis occurred prior to the
rearrangement and expression of the T cell re-
ceptor.

All tgs/tgsA1 X RAG-2null lymphoma cells
represented immature thymocytes, as they were
surface CD3- (data not shown). Some tumors
had a phenotype of Thy-l+CD44 CD25+CD4
CD8 (Fig. 4A, tumor #1, and data not shown),
representing very immature thymocytes (33,34).
Interestingly, most tumors from the double mu-

tant mice were CD4+CD8+CD3 (Fig. 4A, tumor
#2, and data not shown), suggesting that the
CD3-s transgene might have signaled by itself to
cause a partial progression of the tumor cell past
the CD44 CD25+CD47CD8 control point (32).

Signal Transduction by CD3-e Cytoplasmic
Tail in Double-negative Thymocytes
Several investigators have shown that CD3-s
could be triggered in CD4 8 (DN) RAGnUll thy-
mocytes by in vivo treatment with anti-CD3-s
antibodies (23,31,35). The anti-CD3-s effect on
DN thymocytes from RAG-,null or RAG-2null
mice can be measured in terms of thymocyte
proliferation, induction of the CD4 and CD8a
and CD8,3 genes, as well as the abrogation of
RAG-1 or RAG-2 transcription (23,36). To exam-
ine whether the transgene coding for the CD3-s
cytoplasmic tail could initiate signal transduction
pathways in lineage-committed pretumor thy-
mocytes, double mutant mice, i.e., RAG-2null x
tgs26+1 and RAG-2null X tgsA1-2966H+' ,

were analyzed. In young (4 to 6 weeks) RAG-
2nu1l X tgsA1-2966H+'- mice, the transgene in-
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A. Tumors from RAG-2nUll X tg26+/- mice.

#1

#2

-CD8 *- '-Thy-1--

B. Tumors from Lcknull X tge26+1 mice.

CD8
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FIG. 4. Phenotypes of thymic lymphoid tumor
cells isolated from double mutant mice.
(A) Flow cytometric analyses of tumor cells derived
from RAG-2null X tgs26+' mice. The cells were
stained with antibodies against CD4 and CD8, and
CD25 and CD44. Most of the tumors from these
mice bear the phenotype represented by tumor #2.
(B) Flow cytometric analyses of tumor cells derived
from lcknull x tgs26'- mice. The cells were stained
with antibodies against CD3, CD4, and CD8.

duced a transition from DN to DP (CD4+8+)
thymocytes, along with down-regulation of
CD2 5, and a moderate increase in cellularity
(Fig. 5, Table 3). In RAG-2 null x tgs26+' and
RAG_2null X tgsA1-2966H+/+ mice, a similar
transition of DN to DP thymocytes and the
down-regulation of CD25 were observed
(Table 3). In the latter mice, however, the thy-
mocyte cellularity was lower than in the anti-
body-induced transition, most likely because of
the apoptosis of early thymocytes (Table 3).
These observations indicate that overexpression
of the CD3-s cytoplasmic domain in prethymo-
cytes mimicked the effects of anti-CD3-s activa-
tion.

Previously, we showed that in RAG-1null X

14
c

u

RAG-2null
X tgeAI

RAG-2null
+ anti-CD3c
treatment

RAG-2null
control

CD8 * CD44 t

FIG. 5. Expression of CD3-E derived trans-
genes induces transition from DN to DP thy-
mocytes in young RAG-2null mice.
Thymocytes were analyzed by three-color staining
with combinations of antibodies against Thy- 1,
CD44, and CD25; and CD4, CD8, and TCR-a/3. Thy-
mocytes were derived from a young RAG-2null X

tgeAl-2966H+'- mouse, from a RAG-2 mouse 1

month after ip injection of an anti-CD3-s antibody,
and from a RAG-2null control mouse. Most of the
thymocytes (>90%) from all of these mice were
Thy-l+ and TCR-aB- (not shown).

lcknull mice, transition from DN to DP thymocytes
can be only partially induced by anti-CD3 acti-
vation, which suggests that Ick is an important
element in signal transduction through the TCR/
CD3 complex during the early stages of T cell
development (23). However, lcknull X tgs26+-
double mutant mice developed lymphomas at a

high frequency (Table 3 and Fig. 4b). Taken to-
gether, these analyses on double mutant mice
shown in Table 3 and Figures 4 and 5 demon-
strate that the cytoplasmic domain of CD3-e
could signal in DN thymocytes and that Ick was
not the only protein kinase involved in this sig-
naling.

DISCUSSION
In this report we have shown that CD3-E could
function as an oncogene, since overexpression of
the CD3-e protein in prothymocytes was essen-
tial for the induction of T cell tumors. This con-

clusion is based on the following evidence: (1)
tumors were observed in transgenic mice ex-
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pressing functional CD3-s-derived proteins, but
not in transgenic mice made with a genomic
construct that did not have any protein expres-
sion (sA2); (2) the frequency of tumor incidence
increased with an increase in the copy number of
transgenes; (3) the level of transgene expression
in thymocytes and peripheral T cells of these
mice also increased with the copy number of
transgenes (29); and (4) transgenes were overex-
pressed in immature thymocytes (from embry-
onic day 13 onwards) in mice carrying high copy
numbers (29). By contrast, mice overexpressing
human CD3-8 do not have an arrest in T lym-
phocyte development, nor do they develop
lymphomas (29; B. Wang et al., unpublished
data).

Overexpression of CD3-s-induced cell trans-
formation may be initiated in very immature
thymocytes, for instance, in Thy-l+CD44+CD25-
thymocytes, since high frequencies of T cell lym-
phomas were observed in double mutant RAG-
2nu11 x tgs26+1- and RAG-2null X tgsAl -
2966H+'- mice. The transformed prothymocytes
could continue to differentiate to give more ma-
ture phenotypes. Since tumors isolated from the
transgenic mice (on RAG-2+/+ background)
were generally clonal (one or two rearranged
TCR-3 genes on Southern blots), an unknown
secondary event(s) may occur in the trans-
formed. TCR-rearranged thymocytes, leading to
the formation of clonal lymphomas. This notion
is consistent with the theory of multistep tumor-
igenesis (2). One may predict that if the second-
ary event(s) occurs in prothymocytes prior to
TCR gene rearrangement, lymphoma cells de-
rived from one progenitor cell could continue to
differentiate to display polyclonal TCR gene re-
arrangements. Indeed, no dominant rearranged
TCR-,B band(s) was detected in 28% of the lym-
phomas (1 1 of 39 examined) from the transgenic
mice on a RAG-2+/+ background. It is notewor-
thy that timing and clonality of T cell lym-
phomagenesis in tgs26+'- mice were similar to
those found in transgenic mice overexpressing
Ick, in transgenic mice expressing the chimeric
homeobox gene E2A-PBX1 (37), and in hemizy-
gous Ikaros mutant mice (38). However, there
are some differences between these systems. We
demonstrated that Ick is not essential for CD3-s
induced T cell lymphomas, because both CD3+
and CD3- tumor cells were observed in the dou-
ble mutant lcknull X tgs26+1 mice. In contrast,
only CD3- tumors were found in the transgenic
mice overexpressing lck (26). In hemizygous
Ikaros mutant mice, T cell lymphomagenesis is

preceded by a lymphoproliferation in thymo-
cytes and peripheral T cells (38). This phenome-
non was not observed in thymocytes and periph-
eral T cells derived from prelymphoma tgs26+'-
mice.

We propose that overexpression of CD3-s
generates a signal to induce cell transformation,
and we further postulate that the signal is related
to normal signal transduction through CD3-s.
This hypothesis is supported by the observation
that overexpression of CD3-s mimics the effects
induced by anti-CD3-s treatment of thymocytes
in vivo (23,31). For instance, overexpression of
CD3-s in thymocytes prevents intracellular
TCR-,3 expression, induces apoptosis (29; D.
Zheng et al., unpublished observations), and in-
duces a transition from DN to DP in RAG-2null
mice. Moreover, this hypothesis is consistent
with earlier reports suggesting that murine leu-
kemia virus-induced leukemogenesis is medi-
ated through a signal(s) triggered by the binding
of the virus with T cell receptors (39,40). Signal
transduction through CD3-s involves Ick and
other c-src-like kinases (20,41,42). Although Ick is
dispensable for CD3-s-induced T cell lympho-
mas, it is still conceivable that induction of T cell
tumorigenesis by CD3-s and Ick share common
downstream pathways. Importantly, unlike Ick,
the 55 amino acid cytoplasmic tail of CD3-E is
not a protein tyrosine kinase, nor does it have
any known enzymatic activity. The role of CD3-s
in oncogenesis may therefore lie in its function as
a provider of docking sites for kinases and other
signal transduction enzymes. There may be some
similarity with nonenzymatic adapter proteins.
This notion is consistent with recent observations
that Shc, one of the nonenzymatic adapter pro-
teins involved in a variety of signal transduction
pathways, can induce cell transformation in in
vitro culture systems (10-15). Nonenzymatic re-
ceptor proteins other than CD3-s may therefore
be potential oncogenes under some circum-
stances.
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